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In this work, hybrid magnetic amphiphilic composites were prepared by the catalytic growth of carbon
nanotubes (CNTs) and nanoﬁbers CNF on layered silicates fragments. SEM, TEM, Raman, XRD, Mössbauer,
TG/DTA showed that CVD with CH4 at 800 C produced CNF and magnetic Fe cores ﬁxed on the surface of
microfragments of silicates layers. Due to the amphiphilic character, the composites can be easily dis-
persed in water and efﬁciently adsorb hydrophobic contaminant molecules. For example, the composites
showed remarkable adsorption capacities for the hormone ethinylestradiol, e.g. 2–4 mg m2, compared
to ca. 0.1 mg m2 obtained for high surface area activated carbon and multiwall CNT. These results are
discussed in terms of a high hydrophobic exposed surface area of the CNT and CNF ﬁxed on the layered
silicates fragments surface. Moreover, the composites can be easily removed fromwater by a simple mag-
netic separation process.
 2012 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Adsorption-related studies and applications of carbon nano-
tubes (CNTs) have been extensively reported in the literature [1–
3]. CNTs have a highly porous and hollow structure, large speciﬁc
surface area, light mass density and a very versatile surface that
can be modiﬁed to improve adsorption properties [4]. For example,
CNTs can be oxidized to adsorb heavy metal ions [5–7] radionuc-
lides [8,9] and organic polar chemicals [10,11]. CNTs have also been
investigated for the adsorption organic contaminants from water,
such as dioxin [12], benzene [13,14], 1,2-dichlorobenzene [15,16],
trihalomethanes [17,18], polycyclic aromatic hydrocarbons (PAHs)
[19] and pentachlorophenol [20,21]. An important limitation
observed in most of these works is that non-functionalized CNT
are very hydrophobic and difﬁcult to disperse in aqueous medium.
The formation of bundles strongly decreases the surface area
exposed and the poor interactionwithwater hinders the adsorption
process. CNTs functionalized, e.g. oxidized, are more hydrophilic
and they can be dispersed more easily but the interaction with
more hydrophobic molecules is limited. Another important draw-
backs are the removal of the CNT from themedium after adsorption
[9] and the potential toxicity of loose nanoparticulated carbon [22]
which are important issues to be addressed.evier OA license. In this work, it is proposed a new approach to use carbon nano-
structures, CNT and nanoﬁbers (CNF), for the adsorption of organic
compounds in water. Vermiculite, an aluminosilicate hydrophilic
clay, is fragmented to isolated layered silicates fragments and
impregnated with Fe catalyst. The Fe catalyst is used to synthesize
CNT and CNF by a CVD process (Fig. 1). The produced composite is
amphiphilic due to the hydrophobic CNT and CNF and hydrophilic
layered silicates fragments surface and magnetic due to the Fe me-
tal nuclei coated by carbon. The composite disperses very well in
water while keeping the CNT and CNF separated (avoiding agglom-
eration). This exposed carbon surface area is very efﬁcient for the
adsorption (with no diffusion limitation) of apolar organic mole-
cules, such as hormones.
Ethinylestradiol (EE) is currently considered the most hazard-
ous endocrinous disruptor contaminant present in water [23] and
the development of efﬁcient adsorbents for this hormone is of
great interest.2. Experimental section
The layered silicate fragments were obtained from an expanded
vermiculite (Vermiculita Ind.) with approximate chemical
composition (Al0.30Ti0.04Fe0.63Mg2.00)(Si3.21Al0.79)O10(OH)2Mg0.13
Na0.02K0.10(H2O)n) [24–26] conﬁrmed by EDS (Supplementary
material). The vermiculite was pre-treated at 800–900 C to pro-
duce the expansion and separation of the layers. Upon mechanical
grinding the packed structure can be easily destroyed to produce
Fig. 1. Schematic representation of the magnetic amphiphilic composite preparation route.
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by TEM (Fig. 2a and Supplementary material). The layered silicates
fragments was impregnated with iron chloride (2, 5 or 10 wt.% of
Fe) and Mo(acac)2O2 to produce Fe10%Mo0.015% catalyst. These
materials were used in the CVD experiment in a tubular quartz
reactor under CH4/N2 (1:6) at ﬂow 80 mL min1 and the tempera-
ture raised to 800 C at 20 C min1 for 1 h.
The samples were characterized by powder XRD (Rigaku D/MAX
Cu radiation), Mössbauer spectroscopy (using a 57 Co source in a Rh
matrix. The isomer shifts of the spectra are referred to the centroid
of an a-Fe foil reference spectrum at room temperature), TG/DTG
(Shimatzu TGDTG-60H, under air with a heating rate of 10 C min1
up to 900 C), Raman spectroscopy (SENTERRA – Bruker, 633 nm,Fig. 2. TEM images of layered silicates fragments before CVD process2 mW laser), BET (Quantacrome), SEM (FEI Quanta 200 microscope,
30 kV), TEM (FEI Tecnai-G2-20-FEI 2006 microscope, 200 kV), mag-
netizationmeasurements (using a LakeShore 7404 vibrating sample
magnetometer with noise base of 1  106 emu, and a time con-
stant of 300 ms at room temperature) and contact angle.
The contact angle was obtained using pellets of 50 mg, made by
compression. One water droplet of 15 lL was disposed on the pel-
lets and using a digital camera in ‘‘macro’’ mode, one picture was
took. From the picture was possible to calculate the contact angle
between the water droplet and the sample pellet (Supplementary
material).
The absorption experiments were carried out typically with
ethinylestradiol (EE) (25 mL 10 ppm) with 5 mg of adsorbent. After(a) and SEM images of Fe10Mo sample after CVD process (b–d).
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VIS (Shimadzu UV 2550 280 nm).Fig. 4. Mössbauer spectra of layered silicates fragments before and after CVD
process.3. Results and discussion
3.1. Characterization of amphiphilic materials
The amphiphilic particles were prepared using layered silicates
fragments. TEM analyses of this fragments showed the presence of
rectangular shaped microfragments (Fig. 2a). Images of SEM to the
sample Fe10Mo after CVD showed the formation of large amounts
of carbon nanostructures, mainly as nanoﬁlaments attached to the
layered silicates fragments (Fig. 2b–d).
TG/DTA analyses of the obtained materials (Supplementary
material) showed weight losses centered at 600 C, related to the
oxidation of carbon species. The relatively high oxidation temper-
ature suggests the formation of a more organized and stable form
of carbon such as multiwall NT and ﬁbers [27]. From these weight
losses it was calculated carbon contents of 2%, 3%, 6% and 21% for
the samples Fe2, Fe5, Fe10 and Fe10Mo catalysts, respectively. As
reported before, the presence of Mo in the catalyst led to a remark-
able increase on the carbon content [28].
Raman spectra (Fig. 3) of the composites after CVD showed typ-
ical resonances bands that indicate the formation of carbon struc-
tures on these materials, i.e. D band at 1350 cm1 (related to
defects in the structure of carbon materials) and G band between
1500 and 1600 cm1 (associated to the presence of more organized
graphitic structures) [29]. The relative intensity of G and D bands
indicates the quality of the carbon materials formed [30]. Low IG/
ID ratios (0.6–0.9) observed for catalysts with low Fe concentration
suggest the presence of large amounts of amorphous or defective
carbon. On the other hand, for the catalyst containingMo (Fe10Mo)
a signiﬁcant increase on the IG/ID ratio to 1.6 was observed, sug-
gesting the formation of more organized carbon.
Mössabuer analyses of the layered silicates fragments showed
the presence of only Fe3+ and Fe2+ dispersed in the layer structure
(Fig. 4). The catalyst Fe2 after CVD also showed the presence of dis-
persed Fe3+ and Fe2+ with 5% Fe0. The samples Fe5 and Fe10
showed higher amounts of Fe0, 13% and 22%, respectively, and also
Fe3C (12% and 14%, respectively). When Mo was added to the cat-
alyst the following composition was observed 9% Fe0, 14% FeMo al-
loy and large amounts of carbide Fe3C (30%). The complete Fe
phase composition is shown in Supplementary material.Fig. 3. Raman spectra of vermiculite before and after CVD process.The presence of Fe0 and Fe3C are important to provide magnetic
properties for the composite. Magnetization measurements
showed very lowmagnetization (0.31 emu g1). Upon iron impreg-
nation and CVD strong increase on themagnetizationwas observed,
i.e. Fe2 = 2.1 emu g1; Fe5 = 7.5 emu g1; Fe10 = 7.6 emu g1 and
Fe10Mo = 10.49 emu g1. The magnetization curves are shown in
Supplementary material.
XRD analyses suggest that the grinding process severely de-
stroys the clay structure to produce a fragmented layered silicate
with the presence of low intensity peaks likely related to vermicu-
lite and phlogopite/silica phases (Supplementary material). After
CVD at 800 C similar diffraction patterns were observed suggest-
ing that the CVD process does not affect signiﬁcantly the material
structure. The XRD data conﬁrmed the Mössbauer results with the
presence of metallic iron Fe0 for the composites Fe2, Fe5 and Fe10
with average crystallite size of 9 nm calculated by the Scherrer
equation. The sample Fe10Mo showed the presence of crystalline
iron carbide Fe3C, FeMo alloy and also graphite.
The amphiphilic character of the prepared composites was
investigated using contact angle measurements. The layered sili-
cates fragments is very hydrophilic as observed by the contact an-
gle of ca. 0. On the other hand, after CVD the contact angle
strongly increased, depending on the catalyst concentration, i.e.
Fe2, Fe5, Fe10 and Fe10Mo showed contact angles of 18, 26,
35 and 46, respectively. It can be observed that the increase in
the contact angle is directly related to the carbon content of the
composites (Fig. 5).
PZC measurements showed similar values in the range 8.0–8.7
for layered silicates fragments before and after CVD. This is likely




















Fig. 5. Contact angle measurements and carbon content for layered silicates
fragments before and after CVD process.
Fig. 6. Ethinylestradiol adsorption on the magnetic amphiphilic composites,
activate carbons and CNT.
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niﬁcantly the clay surface and structure and the carbon deposits do
not affect the charge on the composite surface.
BET surface area measurements (adsorption isotherms in
Supplementary material) showed for the layered silicates frag-
ments treated at 800 C an area of 34 m2/g. After CVD at 800 C
the surface area decreased to 15, 11, 20 and 25 m2 g1 for theFig. 7. Ethinylestradiol adsorption normalized by the (a) surfasamples Fe2, Fe5, Fe10 and Fe10Mo, respectively. This decrease
in the surface area is likely due to the occupancy of the layered sil-
icates fragments pore structure by the carbon structures produced.
As the amount of carbon increase the area tends to increase due to
the surface exposed of the carbon ﬁlaments.
The obtained composites were investigated as adsorbents for
the hormone ethinylestradiol in water. The maximum adsorption
capacities are shown in Fig. 6.
Layered silicates fragments showed very low adsorption of EE
(ca. 5 mg g1). After CVD a strong increase on the adsorption of
EE was observed to 47–60 mg g1. It is interesting to observe that
high surface area activated carbon AC (ca. 980 m2 g1) showed
similar adsorption capacity of 68 mg g1. Chemical oxidation of
this AC with HNO3 (ACOX) to increase the hydrophilic character
of the carbon led to a decrease of the EE adsorption to 45 m2 g1.
Also, multiwall carbon nanotubes CNT with surface area of ca.
250 m2 g1 showed low adsorption (28 mg g1).
When these adsorption are normalized by the carbon content
and by the surface area a remarkable differences can be observed
(Fig. 7).
Fig. 7a shows that the composites can absorb very high amounts
ethinylestradiol per m2 (i.e. 2.5–4.5 mg m2) compared to acti-
vated carbons (AC) and MWNT (<0.2 mg m2). These results sug-
gest that part of the surface area of the ACs and MWNT is not
accessible for the EE molecule.
This is likely related to diffusion limitations offered by the small
micropores present in the AC. The relatively large EE molecule does
not diffuse easily from water to the inner pore space of the AC.
MWNTs do not disperse well in water forming aggregates/bundles
what decreases the carbon surface area exposed.
As pure layered silicates fragments did not adsorb signiﬁcant
amounts of EE, one can assume that all the adsorption in the com-
posites takes place on the carbon surface produced. If the EE
adsorption is normalized by the amount of carbon, again the com-
posites show a remarkable adsorption capacity of 200–1600 mg
(EE)/gcarbon. These adsorptions again are much higher compared
to the high surface area AC and MWNT.
The results described in this work suggest that the prepared
magnetic amphiphilic composites show remarkable features as
adsorbents for hydrophobic organic molecules, e.g. EE, in water.
Some of these features are:
(i) CNT and CNF offer a high carbon surface for the adsorption
of organic apolar molecules. This surface area is completely
exposed and diffusion limitation is minimized compared to
microporous AC.ce area and (b) carbon content of the different materials.
Fig. 8. Scheme of magnetic amphiphilic composite of vermiculite, carbon and iron.
88 A.D. Purceno et al. / Journal of Colloid and Interface Science 379 (2012) 84–88(ii) As the CNT and CNF are attached/ﬁxed to the layered sili-
cates fragments no agglomeration occurs in water as
observed for free CNT. These ﬁxed very hydrophobic CNT
and CNF remain exposed/separated even in a highly hydro-
philic environment;
(iii) The layered silicates fragments hydrophilic surface is
responsible for a good interaction with water and the very
good dispersion in the aqueous medium;
(iv) The magnetic phases can be used for the removal of the
composites after the adsorption process is ﬁnished.
(v) These features are summarized in the simpliﬁed scheme
shown in Fig. 8.
4. Conclusions
Carbon nanostructures, e.g. nanotubes and nanoﬁbers, can be
catalytically grown from CH4 on the surface of layered silicates
fragments. The controlled growth of these carbon nanostructures
produces amphiphilic magnetic composites which show several
important properties: high dispersion in water, high exposed and
accessible surface area of a hydrophobic carbon and magnetic
properties to allow magnetic separation after use. As a result of
these features, the composites showed remarkable adsorption
properties for the hormone ethinylestradiol.
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